ABSTRACT: Turbidites, which have accumulated in Lake Mead since completion of the Hoover Dam in 1935, have been mapped using highresolution seismic and coring techniques. This lake is an exceptional natural laboratory for studying fine-grained turbidite systems in complex topographic settings. The lake comprises four relatively broad basins separated by narrow canyons, and turbidity currents run the full length of the lake. The mean grain size of turbidites is mostly coarse silt, and the sand content decreases from 11-30% in beds in the easternmost basin nearest the source to 3-14% in the central basins to 1-2% in the most distal basin. Regionally, the seismic amplitude mimics the core results and decreases away from the source. The facies and morphology of the sediment surface varies between basins and suggests a regional progression from higher-energy and possibly chan- 
INTRODUCTION
Turbidity currents are a major mechanism for transporting sediment from continental shelves to the deep sea, and the resultant turbidites are building blocks of deep-sea-fan and abyssal-plain settings. On most continental margins the pathways of turbidity currents are strongly controlled by topography (Apps et al. 1994) . A variety of techniques has been used to document the geometry of turbidites, including: (1) sidescan sonar surveys of the surfaces of turbidite systems (Gardner et al. 1996; Beauboeuf and Friedman 2000) ; (2) high-resolution 2-D seismic-reflection studies in marine and lacustrine environments (Piper et al. 1999; Soreghan et al. 1999; Badalini et al. 2000; Beauboeuf and Friedman 2000) ; (3) 3-D multi-channel seismic data sets (Weimer and Davis 1996; Demyttenaere et al. 2000) ; (4) outcrop studies (Kneller and McCaffrey 1999) ; and (5) experimental modeling (Middleton and Neal 1989; Alexander and Morris 1994; Kneller and McCaffrey 1995; Bursik and Woods 2000; Parsons et al. 2002; Lamb et al. 2004 ). These varied approaches are converging to provide a clearer picture of the effects of basin morphology on the architecture of turbidite systems, but some goals still are difficult to achieve. Two such elusive goals are: (1) a nearly complete mapping of the geometry of an entire turbidite system from source to sink, and (2) documenting the depositional effects of flow divergence and convergence in a natural system.
Lake Mead is a large man-made reservoir, which has accumulated sediment deposited by sediment gravity flows (Gould 1951; Smith at al. 1960) , and, as such, is an exceptional natural laboratory in which to address some of these unanswered questions. Several previous studies provide a wealth of geologic background information. Key studies include detailed mapping of the morphology and geology of the basin prior to impoundment by the Hoover Dam (Longwell 1936 (Longwell , 1960 , early studies of sedimentation in the lake (Gould 1951; Smith et al. 1960) , and bathymetry surveys (Smith et al. 1960; Lara and Sanders 1970) . Missing from this background information had been a grid of high-resolution seismic profiles and cores collected at known locations along the profiles. The U.S. Geological Survey (USGS), in collaboration with University of Nevada Las Vegas, has collected a grid of seismic profiles throughout the lake and retrieved cores from the different acoustic facies identified in the shallow parts of the seismic profiles (Fig. 1) . These reveal the temporal and spatial seismic and lithofacies variations of turbidites from near the sediment source to the distal end of the lake, and show how they are affected by the morphology of the reservoir.
Background
Lake Mead is the largest of several reservoirs along the Colorado River. It is located along the eastern edge of the Mojave Desert in southern Nevada and northern Arizona (Fig. 1 ). Prior to completion of the Hoover Dam, in 1935, the topography and geology of the entire area that was to be flooded were surveyed and mapped (Longwell 1936) . Once the lake started to accumulate sediment, annual bathymetric surveys were conducted along the pre-impoundment Colorado River channel from 1937 to 1948 to monitor sedimentation (Gould 1960) . These bathymetry surveys show rapid progradation of a delta into the east end of the lake (68 km during the first 13 years of the lake's history) and accumulation of as much as 25 m of sediment on the floor of the western part of the lake near the Hoover Dam (Gould 1951 (Gould , 1960 Howard 1960) . Cores collected at that time indicated that the topset and foreset beds of the delta were composed primarily of fine sand. Beyond the delta, much of the lake-floor sediment was mud (Gould 1960) .
The bathymetry of Lake Mead was resurveyed in 1964, just before completion of the Glen Canyon Dam, located approximately 400 km upriver from the eastern end of Lake Mead (Lara and Sanders 1970) . This 1964 survey showed that the Colorado River delta had prograded approximately 8 km farther into the lake during the 16 years since the survey in 1948, and a thin layer of sediment had been added to the deep western part of the lake. Cores showed that the delta topset and foreset deposits were still sand, and mud was again recovered from sites in the western part of the lake (Lara and Sanders 1970) .
In addition to these geologic studies, lake elevation and river discharge have been recorded daily since 1935 (Fig. 2) . Lake elevation has shifted dramatically through the 65-year history of the lake. Lake Mead filled in approximately 4 years, and although its elevation fluctuated annually, lake level remained relatively high (350-363 m measured at Hoover Dam) until 1954, when it dropped abruptly to 332 m. Lake level remained low for approximately two years and then rose again to the 350-363 m range. Upon completion of Glen Canyon Dam in 1965, the level of Lake Mead dropped abruptly to 332 m while Lake Powell was filling. The level of Lake Mead rose rapidly in 1966 (332-344 m), and more gradually over the next 18 years (344-373 m). The lake level reached its highest elevation in 1984 (373 m) after a time of peak snowfall in the Rocky Mountains. The lake was intentionally lowered during the mid-1990s, and prolonged drought between 2000 and 2002 has caused the recent lowering of lake level.
The Colorado River is the dominant source of water to Lake Mead. Discharge from this river, measured at Lees Ferry, Arizona, changed dramatically around 1965 upon completion of Glen Canyon Dam (Fig. 2) . The Lees Ferry gauging station is between Glen Canyon Dam and Lake Mead (Fig. 1 ). Prior to 1965, peak annual discharge was frequently in excess of 2,000 m 3 /s. Since 1965, discharge has exceeded 2,000 m 3 /s only once, and most years only approached 850 m 3 /s. A controlled flood experiment conducted in 1996 had a discharge of 1274 m 3 /s (Schmidt et al. 1999) . The Virgin River, the second largest source of water to Lake Mead, enters at the northern end of Overton Arm (Fig. 1) . Peak annual discharge averages 178 m 3 /s, and ranges from 56-425 m 3 /s. Thus it is a minor source, even in comparison to the Colorado River after completion of the Glen Canyon Dam.
The volume of suspended sediment was monitored in both the Colorado and Virgin Rivers between 1949 and 1965 (Alexander et al. 1997 . Average suspended-sediment discharge for the Colorado River was 60 ϫ 10 6 metric tons (mt)/year prior to 1963 and 8 ϫ 10 6 mt/yr during the last 2 years of measurement, while lake level was falling during construction of the Glen Canyon Dam (Fig. 2) . Suspended-sediment measurements between 1935 and 1949 show that volume tended to be highest during periods of peak discharge, mainly during the spring (Howard 1960) . Much of the river's suspended sediment was mud, but during some high discharge events, the sand component (Ͼ 62 m) exceeded 20% by volume of the suspended-sediment load. The Virgin River has been a minor source of sediment to Lake Mead in comparison to the Colorado FIG. 2.-Lake elevation (gray shading) and peak annual discharge (black bars) of the Colorado River measured at Lees Ferry 350 km upriver of Lake Mead. The U.S. Bureau of Reclamation recorded lake elevation (R. Simms, personal communication), and the USGS recorded river discharge information (Alexander et al. 1997) .
River with an average suspended sediment discharge of 3.5 ϫ 10 6 mt/yr for the same period of time.
METHODS
High-resolution seismic-reflection profiles were collected during 1999 and 2001 (Twichell et al. 2003) . The data were acquired using a Benthos SIS-1000 sidescan sonar and chirp subbottom profiling system. The subbottom profiler operated in a frequency range of 2-7 kHz. Most of the data were collected using a 0.5 s firing rate, but some were collected using a 1.0 s firing rate. Data were logged digitally using an ISIS digital acquisition system developed by Triton-Elics Industries. Navigation was facilitated using a P-Code GPS receiver, the positions being logged at a 2-or 10-second interval. The survey tracks were spaced 500-800 m apart (Fig. 1) .
The seismic data processing involved two steps. First, seismic files were converted from ISIS format to SEG-Y format. This step also included correcting for the depth of the transducer below the lake surface. The conversion (using a utility developed by the USGS) changes the data to a standard 16-bit unsigned integer SEG-Y format (Barry et al. 1975) . The second processing step imported the SEG-Y data into Seisworks (Landmark Graphics Corp.). This allowed the lake floor and the pre-impoundment surface to be mapped and used to construct an isopach map of sediment deposited since impoundment. Seismic facies were analyzed using printed copies of these profiles. The distribution of different facies was mapped in ArcView, based on the shot point navigation.
Forty-two cores were collected in 2002 ( Fig. 1 ) using a Kullenberg-type corer rigged as either a piston or gravity corer. The corer had a 136 kg weight, with a 6.1-m-long barrel. The recovered cores were 3.1-5.3 m in length. Upon recovery, the cores were cut into 1.2 m lengths and the ends of each section were capped and sealed. In the lab, the cores were split longitudinally, described macroscopically, and four of the cores were sampled for texture. The macroscopic descriptions were completed immediately after splitting the cores in order to identify lithic composition, sedimentary structures, color variations, and the presence of black, organic-rich beds. Grain size was analyzed using a Mastersizer 2000 laser diffraction system, and mean grain size was computed using procedures summarized by Folk (1974) .
RESULTS

Lakebed Geomorphology
Lake Mead lies in the Basin and Range Province of southern Nevada and northern Arizona, and is divided into several broad intermontane basins that are separated by narrow, steep-sided canyons where the Colorado River cut through mountain ranges. The major basins in the lake are Boulder Basin to the west, Virgin and Temple basins and Overton Arm in the central part, and Gregg Basin in the eastern part (Fig. 1 ). These basins are 3-13 km wide and 14-20 km long. The basin margins have gentle gradients, commonly constructed from submerged alluvial fans or from Cenozoic sedimentary rocks of the Muddy Creek Formation (Longwell 1936 (Longwell , 1960 . Nearly vertical outcrops of Precambrian and Paleozoic rocks or Cenozoic volcanic rocks comprise the steep walls of the canyons that separate the basins (Longwell 1960) . The floor of the lake in Boulder Canyon, which separates Boulder Basin from Virgin Basin, is 80-400 m wide. There is no canyon separating Virgin Basin from Temple Basin. Virgin Canyon, which separates Temple Basin from Gregg Basin, is 60-400 m wide. The floor of Iceberg Canyon, which lies northeast of Gregg Basin ( Fig. 1) , is 250-500 m wide and is straighter than the other two canyons.
The axial valley of the pre-impoundment Colorado River is filled with sediment, and Figure 3A shows the elevation of the lake floor and the preimpoundment surface along a survey track that followed the drowned riverbed. The irregularities in the pre-impoundment surface result mostly from the seismic track not following precisely the course of the river. The lake- floor gradient is steepest on the delta front in Iceberg Canyon. However, as Kostic et al. (2002) observed on earlier bathymetric profiles, even here the slope does not exceed 1Њ. In Gregg Basin the lake-floor gradient has decreased to 0.5-0.9Њ. Farther west, in Virgin Basin the gradient is 0.4-0.7Њ, and in Boulder Basin it has decreased to 0.3-0.5Њ. The only exception to the westward decrease in lake-floor gradient is in Boulder Canyon where the lake floor rises 2-3 m as it crosses a landslide deposit emplaced shortly after the lake filled (Leifson 1960; Gould 1960) . No obvious changes in lake-floor gradient occur between the basin and canyon sections of the lake (Fig. 3A) .
Profiles collected perpendicular to the river's thalweg show that the lakefloor morphology changes along the length of the lake. In Gregg Basin the surface of the post-impoundment deposit is higher in the middle and lower along the basin margins; the difference in relief is approximately 1 m; the relation of this surface to the pre-impoundment surface cannot be determined because of gas (Fig. 4A) . In Virgin Basin the sediment surface is nearly flat, and does not mimic the pre-impoundment surface (Fig. 4B ). In contrast, in Boulder Basin, the sediment surface is irregularly concave (Fig.  4C ). The lake floor along the axis of this basin is as much as 8 m deeper than along the edges, and the morphology of the pre-impoundment Colorado River is mimicked on the lake floor (Fig. 4C ).
Sediment Thickness
The seismic profiles imaged the entire thickness of post-impoundment sediment in the western part of the lake, but gas in the sediment of the eastern part masked much of the deposit (Fig. 4A, D) . Seismic blanking due to gas was prevalent in Iceberg Canyon, Gregg Basin, and Virgin Canyon. The transition occurred over a 3 km distance at the western end of Virgin Canyon (Fig. 4D ). Sediment thickness was derived from the seismic profiles in the western part of the lake, whereas in the eastern part it was calculated by taking the difference between the pre-impoundment topography and the present bathymetry. In summary, the post-impoundment sediment is thickest (80 m) at the northern end of Iceberg Canyon, thins abruptly across the delta front to a maximum thickness of 40 m in the northern part of Gregg Basin, continues to thin along Gregg Basin to a maximum thickness of 20 m, reaches 15-20 m thick in Temple and Virgin basins, and increases to 20-25 m in Boulder Basin (Fig. 5) .
Sedimentary Facies
Four lithofacies were identified by macroscopic examination of the cores: (1) silt and very fine sand; (2) gray silty clay; (3) red silty clay; and, (4) FIG. 4.-Seismic profiles showing A) the presence of gas in sediment in Gregg Basin, B) the three intervals (A, B, C) with high seismic amplitude in Virgin Basin, C) the thinning of the same three intervals in Boulder Basin, and D) the transition from gas-charged sediment to sediment free of gas at the western end of Virgin Canyon. Note that the surface of the post-impoundment sediment in Gregg and Virgin basins is slightly mounded (A and B), while in Boulder Basin it is concave (C). Profile locations and basin names shown in Figure 1 . black, organic-rich silty clay. The beds of lithofacies 1 are 3-44 cm thick and tend to be more abundant, thicker, and coarser-grained in the eastern part of the lake (Fig. 6 ). Sedimentary structures were poorly resolved in these beds, but grain size measured on samples from four cores show textural variations within these beds. The mean grain size of lithofacies 1 reaches coarse silt to very fine sand in Gregg Basin, medium silt in Temple Basin, and very fine silt in Boulder Basin (Fig. 6 ). The sand in these beds is mostly very fine sand, and sand content reaches 11-30% in the three beds sampled in Gregg Basin, 3-14% in the five beds sampled in PC 2 in Temple Basin, and only 1-2% in the three beds sampled in GC 23 Boulder Basin. Of the five silt beds in PC 2, three had sharp basal contacts and gradational upper contacts (A, D, E) while the bases of two were not visually sharp (B, C), and the grain size shows inverse grading (Fig. 7) . The beds with sharp basal contacts appear to be turbidites, while those with inverse grading at their bases may be hyperpycnites (Mulder et al. 2003) . Very-fine silt to clay (mean grain size finer than 7 phi, 8 m) constitutes in excess of 77% (by length) of all the cores. Gray and red silty clay are found throughout the lake, but gray clay is more abundant in cores from the eastern part of the lake and red clay is more abundant to the west. Individual silty-clay beds are 3-120 cm thick. Black, organic-rich beds are present in all cores; some are as much as 10 cm thick, but most are thinner than 2 cm.
The seismic profiles show numerous reflections in the post-impoundment sediment (Figs. 3B, 4, 7, 8) . Many of them can be traced through much of the western part of the lake, but reflection amplitude is variable. The seismic profile along the thalweg of the drowned Colorado River shows that, in general, the number and amplitude of reflections decrease towards the west (Fig. 3B) . In addition to this regional trend there are local variations within each basin in reflection amplitude as well (Figs. 7, 8) .
Piston cores show lithologic differences between areas with high-amplitude and low-amplitude reflections. In the upper 3-5 m of the post-impoundment deposit that was penetrated by the cores, numerous medium to coarse silt beds were recovered from areas of high-amplitude reflections while 300 m away in an area with low-amplitude reflections the sediment was fine silt (Fig. 7) . Some reflections coincide with individual silt beds (Fig. 7) , but others may be due to reverberation between closely spaced beds. Grain size of the coarser beds becomes finer to the west, and the number and thickness of coarse beds decreases to the west (Fig. 6) . The correlation between reflection amplitude and grain size in the upper 3-5 m at both the local and regional scale suggest that amplitude is controlled mainly by the amount of coarser sediment. Because of this relation, seismic amplitude has been used as a proxy for mapping sediment grain size along the profiles. Reflection amplitude varies not only laterally but also vertically (Fig. 8) . Profiles show three intervals of varying but in general high-amplitude reflections (A, B, C), which are separated by intervals containing only lowamplitude reflections (Figs. 3, 4, 8) . The tops of each of the three intervals containing high-amplitude reflectors are reflections that are continuous throughout the western part of the lake (Fig. 3) . Reflections at the base of each of these three intervals decrease in amplitude westward until, in Boulder Basin, only one or two moderate to high-amplitude reflectors remains in each interval (Fig. 8E) . The deepest interval containing high-amplitude reflections (interval C) is 3-5 ms (2.3-3.8 m) thick in Virgin Basin and thins to 1-2 ms (0.8-1.5 m) in Boulder Basin (Fig. 3) . In Virgin and Boulder basins, interval C is separated from the pre-impoundment surface by a low-amplitude unit that thickens to the west. Interval C rests directly on the pre-impoundment surface in the eastern part of Temple Basin and on a thin low-amplitude unit in the western part of the basin. This lowamplitude unit parallels the pre-impoundment surface and presumably was deposited during the initial flooding of the lake (Fig. 3C) . Interval B im- mediately overlies interval C or the pre-impoundment surface in the eastern part of Temple Basin, but the two intervals are separated by a low-amplitude interval to the west (Fig. 3B) . Interval B is 3-4 ms (2.3-3 m) thick in the western part of Temple Basin and the eastern part of Virgin Basin, and thins to 1-3 ms (0.8-2.3 m) in the western part of Virgin and Boulder basins (Fig. 3B, C) . In Boulder, Virgin, and the western part of Temple basins interval B is separated from interval C by a low-amplitude unit. The shallowest interval of reflections with varying amplitudes (A) is 8 ms (6 m) thick in the eastern part of Temple Basin, thins gradually to 4-5 ms (3-3.8 m) in the eastern part of Virgin Basin, and then thins abruptly to 2-3 ms (1.5-2.2 m) in the western part of Virgin Basin. While the intervals containing high-amplitude reflections thin to the west, the low-amplitude intervals thicken to the west, resulting in the overall thickness of the postimpoundment sediment being nearly constant beyond the delta front (Fig.  3) .
Seismic amplitude in intervals C and A was qualitatively divided into high-, moderate-, and low-amplitude areas (Fig. 9) . The deepest interval (C) shows a progressive decrease in amplitude towards the west. Highamplitude reflections within this interval are limited to Temple and Virgin basins. Here, the high amplitude reflections form a narrow band that occupies the entire width of the drowned Colorado River channel (Fig. 8A,  B) . Only at the confluence of the Virgin with the Colorado River are these reflections flanked by low-amplitude reflections filling the drowned Virgin River valley presumably from material derived from the Colorado River running up the drowned valley as turbidity currents (Fig. 9A ). In the western part of Virgin Basin, Boulder Canyon, and eastern Boulder Basin, the reflections in interval C are moderate in strength. The moderate-amplitude reflections give way to low-amplitude reflections in the western part of Boulder Basin (Fig. 9A) . During this phase of sediment infilling, active sedimentation was limited to the narrow channel of the drowned river, and the post-impoundment deposit can be viewed as two-dimensional with a progressive decrease in seismic amplitude towards the west.
Seismic amplitude of the shallowest interval (A) varies in all three basins (Fig. 9B) . By the time interval A was deposited, sediment had filled the lake sufficiently that the post-impoundment sediment surface, the zone of active sedimentation, was considerably broader. In Temple Basin, the high-amplitude reflections of interval A cover a broader area than in interval C but rarely extend across the entire width of the deposit (Figs. 7, 8A , B, 9B). Low-amplitude reflections fringe one or both sides of the high-amplitude band. In the eastern part of Virgin Basin the basin floor broadens and the moderate-and high-amplitude reflections of interval A spread as well (Fig.  9B, inset) . The extent of the moderate-and high-amplitude reflections has a fan-like shape, and is surrounded by low-amplitude reflections, which extend to the limit of the post-impoundment sediment. Extending westward from this fan-shaped deposit, a narrow tongue of moderate-amplitude reflections can be traced into Boulder Basin. The moderate-amplitude reflection package is bordered by low-amplitude reflections in western Virgin Basin and Boulder Basin. The distribution of seismic facies within interval A throughout the lake is more complex than within interval C.
No regional unconformities have been found within the post-impoundment sediment. The only disruptions to these flat-lying deposits are localized landslides resulting from collapse of the lake's walls (Fig. 10) . Two landslides known to have occurred prior to 1948 (Leifson 1960 ) occur in eastern Temple Basin (Fig. 10A) and at the western end of Boulder Canyon (Fig. 10B) . In both cases, reflections at the same elevation on both sides of the landslides suggest that these deposits did not completely cover the lake floor and subsequent flows could pass around them. The profile in Temple Basin (Fig. 10A) shows a second landslide near the present lake floor, which is presumably associated with the collapse of a cliff face in 1983 (W. Burke, personal communication 2002) . Presently, the only information available on post-impoundment sedimentation rates are the landslide deposits (Fig. 10) and bathymetric surveys that were conducted during (Gould 1960) , and the shallowest one in 1988, when the lake was at its highest level (Fig. 2) . B) Landslide at the western end of Boulder Canyon may have occurred after deposition of interval C, but before deposition of intervals A and B. the first part of the lake's history (Smith et al. 1960; Lara and Sanders 1970) , both of which indicate that most of the sediment accumulated during the early part of the lake's history.
The seismic data show no evidence of newly formed channels in the western part of the lake. Sidescan imagery shows discontinuous, low-relief, channel-like features on the floor of Gregg Basin (Twichell et al. 2003 ), but none have been identified in the western part of the lake. The broad channel on the floor of Boulder Basin occurs directly above the pre-impoundment Colorado River channel, mimics the antecedent morphology, and reflectors within the post-impoundment deposit drape the original surface (Fig. 8E) .
DISCUSSION
Turbidity currents were observed to run the full length of Lake Mead during the early history of the reservoir (Gould 1951) , and the distribution of post-impoundment sediment mapped during this study indicates that these near-bottom flows have been the dominant process of sedimentation in the lake. The generally flat-lying nature of the deposit (Figs. 4, 8 ) and the graded sand and silt beds (Figs. 6, 7) are consistent with deposition from turbidity flows. The seismic profiles do not resolve post-impoundment sediment covering the gentle flanks of the basin walls (Fig. 8E) , and sidescan sonar imagery reveals small fluvial channels still present on the surface of submerged portions of alluvial fans (Twichell et al. 1999) . The lack of sediment covering the pre-impoundment surface on the flanks of the lake floor indicates that wind and mesopycnal flows, those at mid-water depths (Mulder et al. 2003) , have contributed minor amounts of sediment to the lake. Landslides have occurred but have been a minor source of sediment as well. The large landslides shown in Figure 10 and other smaller ones identified on seismic profiles are limited in lateral extent and contribute only a small volume of sediment to the lake in comparison to that provided by turbidity currents.
The Colorado River is the primary sediment source for the lake. Suspended-sediment measurements indicate that, by comparison, the Virgin River is only a minor source (Alexander et al. 1997) . The post-impoundment sediment derived from the Virgin River extends the full length of Overton Arm but is much thinner than that filling the path of the drowned Colorado River (Fig. 5) . In addition to the volume of the deposit derived from the Virgin River being smaller, it also is finer-grained. In Virgin Basin, at the confluence of the two drowned rivers, the core nearest the mouth of the drowned Virgin River (Fig. 6, PC 7) has no silt beds in it while the one farther south in the path of flows from the Colorado River (PC 5) contains several coarse silt beds. The distribution of high seismic amplitudes within the post-impoundment deposit also indicate that coarse material from the Virgin River did not reach as far as Virgin Basin (Fig.  9) .
The cores show a regional westward decrease in the mean grain size and sand content of the coarsest beds (Fig. 6) . The westward decrease in grain size is presumably due to the flows spreading and decelerating as they enter each basin along the course from the delta front to the Hoover Dam. As the flows spread and decelerate, they drop the coarsest material, and only the finer component continues westward to the next basin, at which point the depositional cycle repeats itself. Turbidity currents measured during the early part of the lake's history ranged from 30 cm/s in Gregg Basin near the toe of the delta to 10-25 cm/s in the western part of the lake (U.S. Bureau of Reclamation 1941 , 1947 Gould 1951) . The repeated spreading of the flows as they enter basins implies a stepwise deceleration of the flows along the length of the reservoir, and may result in a partitioning of sand and mud facies similar to that observed in basins along the path of the Moroccan turbidite system off the northwest African margin (Wynn et al. 2002) .
The westward decrease in lake-floor gradient presumably is the result of this westward decrease in flow velocity (Fig. 3A) . The gradient of the lake floor in Boulder Basin is flatter than the original Colorado River channel (Fig. 3A) , and the post-impoundment sediment deposit is thicker than in Virgin and Temple basins (Fig. 5) . This decrease in gradient and increase in sediment thickness along the thalweg of the drowned Colorado River in Boulder Basin mimics the geometry of deposits from surging turbidity currents entering an enclosed basin in flume studies (Lamb et al. 2004) . With no exit, the turbidity currents are trapped behind the Hoover Dam where the muddy pond of fine-grained sediment would settle from suspension. The flume was narrow and thus showed changes only along the direction of flow. Boulder Basin has a broad floor, and seismic profiles show that the turbidites drape the antecedent topography (Figs. 4C, 8E) . The difference in elevation between the edges of the deposit and the surface of the deposit along the axis of this basin suggests that the ponded flows reached 6-8 m in thickness.
Detailed grain-size analyses on two cores (Fig. 7 ) do suggest that both turbidity and hyperpycnal flows have been active in the lake. Some of the coarse silt beds have sharp basal contacts and in other cases the basal sections coarsen upward (Fig. 7) . The inverse grading is similar to that summarized by Mulder et al. (2003) from the Var and Zaire turbidite systems. Analyses are insufficient to determine the relative importance of these two types of flows or whether their abundance changes through the lake's history, and for this discussion both types of deposits are termed turbidites.
Although seismic data indicate that reflections from individual turbidites or groups of turbidites can be correlated between cores, the correlation is difficult to make on the basis of the visual descriptions alone because of the dramatic changes in grain size even between closely spaced cores. The grain size analyses do, however, allow correlation of individual beds between the two cores in Temple Basin (Fig. 7) . While these cores are only 300 m apart, the grain size of the turbidites in PC 2 is coarser than that in PC 15, but the grading of the 5 labeled beds is similar in the two cores.
The sidescan imagery suggests that channels may exist on the surface of the post-impoundment sediment in Gregg Basin (Twichell et al. 2003 ), but to the west there is no evidence of channels on the floor of Lake Mead, and it appears instead that here deposition is from slow-moving nonchannelized flows. The fine-grained, nonchannelized, depositional nature of these turbidites appears to be analogous to fine-grained turbidites found on the distal parts of deep-sea fans beyond the limit of recognizable channels (Reading and Richards 1994; Stelting 2000) . Even so, the facies distribution within the deposit indicates a strong control by basin morphology, and additionally the facies transitions change through time because the surface of active sedimentation becomes broader as the lake fills with sediment.
The three variable-amplitude reflection intervals were deposited at times when the surface of active sedimentation varied in width (Fig. 8) , and allows relating the distribution of lithofacies to changes in basin morphology due to sediment filling. Interval C was deposited when turbidite sedimentation was confined to the narrow channel of the pre-impoundment Colorado River (Fig. 9A) . Seismic amplitude is uniform across the width of this depositional surface except in Boulder Basin, where the high-amplitude reflections are fringed by low-amplitude reflections to either side (Figs. 8E, 9A ). Basin geometry during deposition of interval C is similar to the narrow basins of some flume studies (Kostic et al. 2002; Lamb et al. 2004 ) and fjords (Mulder et al. 1998) .
By contrast, the deposits of the younger interval A have a more complex lithofacies distribution pattern, which differs from basin to basin (Figs. 6, 9B) . Temple Basin is sinuous, and recent flows have been controlled, but not confined, by the walls. In the straight sections, facies distribution suggests that the high-velocity cores of turbidity currents flowed down the center of the basin, and finer-grained sediment was deposited to either side of the high-velocity core because of reduced flow velocity resulting from flow spreading (Fig. 9B, 11A ). The piston cores show that the transition within individual beds from coarse silt to very fine silt occurs over distances less than 300 m (Fig. 7) . These abrupt facies transitions are in sharp contrast to turbidites in unconfined abyssal plain settings, where individual beds can be correlated between widely spaced cores (Pilkey et al. 1980; Lebreiro et al. 1997) , and are more consistent with outcrop studies of turbidite facies changes near basin boundaries (Kneller and McCaffrey 1999) .
Where Temple Basin curves, the sediment distribution suggests that the flows ran straight until they encountered the outside wall of the bend, then ran along the outer wall until they were redirected into the next straight section (Figs. 8A, B, 9B, 11B ). The architecture of the post-impoundment deposits shows that, as the basin filled, the coarse and fine lithofacies of each variable-amplitude interval were stacked vertically in the straight sections (Fig. 11A) , but in the bends the coarse lithofacies shifted outward and the fine lithofacies was deposited along the insides of the bends (Figs.  8A, B, 11B ). The changes in the location of younger coarser-grained sediments appear to have been largely the result of broadening of the basin floor as the lake filled with sediment.
Virgin Basin has a broader floor than Temple Basin, and here the highamplitude reflections of interval A form a fan-like deposit (Fig. 9B, inset) . This deposit does not overlie the drowned Colorado River channel, which indicates that the antecedent topography no longer controls the paths of flows in this basin. This geometry is similar to that of turbidites deposited in confined salt-withdrawal basins (Winker 1996; Prather et al. 1998; Badalini et al. 2000; Beaubouef and Friedman 2000) or fault-bounded basins (Piper et al. 1999) . The fan-shaped geometry has also been replicated in flume studies. Where the barriers are tall relative to the flow thickness, the flows spread rapidly at the transition from a restricted to an open area (Alexander and Morris 1994; Parsons et al. 2002) . Sedimentation in Virgin Basin does differ from the laboratory studies in one aspect. The lobe shifting observed by Parsons et al. (2002) did not occur in Virgin Basin, and instead the high-amplitude reflection packages are stacked on top of each other (Figs. 4B, 8C, 11D ). This lack of shifting may be due to differences in sediment composition between the flows in Lake Mead and those in the experimental studies. The sediment in the flume experiments was primarily very fine sand and coarse silt (Parsons et al. 2002) . The sediment in Lake Mead has a coarse fraction that is similar in size but has much higher content of fine silt and clay. With the greater concentration of fines in the flows, sediment is available to fill the parts of the basin floor that flank the coarser deposit. The result is that the entire basin floor aggrades vertically, and this has minimized the potential for lateral shifting (Fig. 11D) .
Flows run the full length of Lake Mead, and the seismic and core data indicate changes in the style of deposition along the length of the lake that, in plan view, mimic the stratigraphic progression preserved in some minibasins in the Gulf of Mexico (Winker 1996; Prather et al. 1998; Sinclair and Tomasso 2002) . Nearest the source, in Gregg Basin, sidescan imagery suggests that, at least most recently, the flows here have been channelized (Twichell et al. 2003) . Channels are not apparent in the central part of the lake in Temple and Virgin basins, and here the deposits are more sheetlike in nature (Figs. 4B, 8C ). In the most distal basin, Boulder Basin, the ponded turbidites drape and onlap the antecedent topography (Figs. 4C,  8E ). The depositional evolution of confined turbidite basins summarized by Sinclair and Tomasso (2002) shows a basal unit of fine-grained ponded turbidites deposited when the basin walls exceed the height of the flows (Boulder Basin) overlain by an interval of deposition of sheet sands with an increased sand/mud ratio due to flow stripping when the basin walls are low enough for the fine component to bypass to the next basin (Virgin and Temple basins), and capped by an interval of more channeled geometries indicating flow bypass (Gregg Basin?). Because sedimentation in Lake Mead is still active, the final blanketing phase is absent.
In addition to the spatial facies variations, the seismic data, where gas is absent, indicate variations through time as well. The three intervals of variable seismic amplitudes are separated by intervals of low amplitude, which suggests alternating periods of finer-grained and coarser-grained sedimentation. The periods of coarser sediment deposition in the distal part of the lake could be attributed to erosion of the delta during low stands of the lake or to input of coarser sediment during times of high river discharge. A more detailed chronology is needed to separate the relative importance of these options. Early studies show that much of the sediment was deposited in the lake prior to construction of the Glen Canyon Dam (Gould 1951 (Gould , 1960 Lara and Sanders 1970) , and it is tempting to attribute the three intervals containing high-amplitude reflections either to periods of high discharge or low lake level during the first half of the lake's history (Fig. 2) . However, the youngest landslide in Temple Basin is buried by 1-2 m of sediment (Fig. 10B ). This landslide occurred in 1983 when the lake was at its highest level. Thus at least the uppermost part of interval A has accumulated since completion of the Glen Canyon Dam, and suggests that, most recently, sediment input to the distal lake has been tied to remobilization of deltaic deposits during periods of low lake level rather than increased fluvial discharge.
SUMMARY
Fine-grained turbidites extend the full 90 km length of Lake Mead, and the lithofacies distribution within these deposits has been strongly controlled by the morphology of the pre-impoundment canyons and basins. Additionally, the lithofacies distribution has changed with time in response to the zone of active sedimentation becoming broader as the basins fill. Initially, turbidites were confined to the narrow channel of the drowned Colorado River, and the post-impoundment deposit has uniform seismic amplitudes normal to the flow direction whose amplitude progressively decreases away from the sediment source as has been observed off other rivers that discharge into narrow basins (Mulder et al. 1998) . As Lake Mead accumulated more sediment, its floor broadened, and the most recent deposits indicate that the flows were not large enough for the high-velocity portions to extend from basin wall to basin wall. Instead, the lithofacies distribution shows that a higher-velocity core was flanked by decreasing flows because of lateral spreading throughout the entire western part of the lake. The stacked lithofacies record the interplay between turbidity currents, complex basin morphology, and the changes in the geometry of the surface of active sedimentation as the lake accumulated more sediment.
